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RESEARCH
Grain sorghum [Sorghum bicolor (L.) Moench] is an important grain crop because of its drought tolerance (Hattendorf et al., 
1988), high nutrient-use effi  ciency (Maranville et al., 1980), and 
multiple end uses, especially for livestock feed (Kriegshauser et al., 
2006) and ethanol production (Wu et al., 2007; Zhao et al., 2008). 
Food-grade grain sorghum, which has a white grain and tan glumes, 
has recently become of interest for fl our substitution (Rooney and 
Awika, 2005), brewing (Figueroa et al., 1995), and extruded snack 
foods (Rooney, 1996) and as a partial replacement for maize (Zea 
mays L.) in tortilla production in Central America (Almeida-Domin-
guez et al., 1997). Sorghum fl our is also gluten free, making it a 
desirable food product for humans with gluten intolerance (Fasano 
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ABSTRACT
Grain processors would benefi t from informa-
tion about the production environment and the 
infl uences of the sorghum [Sorghum bicolor (L.) 
Moench] hybrid on food-grade fl our proper-
ties. The objective of this study was to deter-
mine the effects of environment and hybrid on 
rapid-visco-analysis (RVA) fl our properties of 
commercially available food-grade sorghum. 
A randomized complete block experiment was 
planted in 12 environments, which included the 
2004 and 2005 growing seasons and irrigated 
and dryland water regimes in eastern, central, 
and west central Nebraska, and a dryland, 
low-N environment in eastern Nebraska. The 
environment accounted for 71–85% of the total 
variation in RVA parameters, while the hybrid 
accounted for 11–23% and the environment-
by-hybrid interaction, 1–3%. Unfortunately, the 
results of this experiment suggest that it is dif-
fi cult to predict the effect that environment will 
have on resulting sorghum-fl our parameters. 
Although of secondary importance in terms of 
total variation in sorghum-fl our RVA properties, 
the choice of hybrid predictably and signifi -
cantly contributes to sorghum-starch viscosity 
properties. Food-grade hybrids were grouped 
based on viscosity properties into those best 
suited for dry-mill and alkaline-cooked prod-
ucts (Asgrow Orbit; Sorghum Partners NK1486) 
and those best suited for porridge, consumable 
alcohol, and ethanol production (Kelly Green 
Seeds KG6902; NC+ Hybrids 7W92; Asgrow 
Eclipse; and Fontanelle W-1000). These results 
were consistent with those previously reported 
for grain density.
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and Catassi, 2001), and many hybrids have high levels of anti-
oxidants and dietary fi ber (Rooney and Awika, 2005).
Little research has been conducted on comparing the 
infl uences of the environment and agronomic practice on 
the grain quality of sorghum hybrids. In a companion study, 
the environment was found to have the largest eff ect on 
variation in grain yield, kernel mass, kernel density, and ker-
nel composition; the hybrid to have an intermediate eff ect; 
and the environment-by-hybrid interaction to have minor 
importance, accounting for less than 2% of the total variation 
(Griess et al., 2010). This research indicated that dryland pro-
duction environments with a nonlimiting N supply produced 
dense sorghum kernels with high protein and low starch con-
centrations, as also reported by Johnson et al. (2010), Taylor 
et al. (1997), and Kaye et al. (2007), whereas irrigated pro-
duction environments produced softer grain. Asgrow Orbit 
and ICRISAT Macia produced the densest kernels with 
high protein and low starch concentrations, whereas Kelly 
Green Seeds KG6902; NC+ Hybrids 7W92; and Fontanelle 
W-1000 produced soft kernels with low protein and high 
starch concentrations (Griess et al., 2010).
Rapid visco analysis (RVA) of starch is a method that 
relates biochemical components to hardness (Fox and 
Manley, 2009), which has been related to maize density 
(Almeida-Dominguez et al., 1997; Narváez-González et al., 
2007; Barbosa Pinto et al., 2009). This method measures the 
viscosity developed during hydration and subsequent gela-
tinization of starch granules during heating and stirring in 
excess water (Almeida-Dominguez et al., 1997), including 
the pasting temperature when gelatinization begins and the 
peak viscosity at full gelatinization. When held at the maxi-
mum temperature and stirred, the starch molecules become 
oriented (shear thinning), and the viscosity declines to the 
trough viscosity (holding strength). The diff erence between 
peak and trough viscosity is termed breakdown viscosity, and 
a low value indicates shear-force stability under heated con-
ditions. As the temperature is lowered, the viscosity increases 
to a fi nal viscosity, with the diff erence between the fi nal and 
trough viscosities being termed the setback viscosity. These 
starch-viscosity properties help predict the functionality of 
food products. High peak, fi nal, and setback viscosities have 
been associated with high ethanol yield from sorghum grain 
(Zhao et al., 2008); high pasting temperatures with the need 
for intensive cooking to produce high consumable alcohol 
yields (Agu et al., 2006); and low peak viscosity with softer 
endosperm, greater expansion of starch during cooking, and 
production of less-stiff  porridges (Taylor et al., 1997). Rapid 
visco analysis of starch has been used to determine the eff ect 
of processing on tortilla quality (Gomez et al., 1992); the 
pasting characteristics of maize, wheat (Triticum aestivum L.), 
and potato (Solanum tuberosum L.) starch (Deff enbaugh and 
Walker, 1989); and the association of high peak and fi nal vis-
cosity with the quality of noodles made from sorghum grain 
(Beta and Corke, 2001); and it was used to assess genetic 
diversity in South African sorghum landraces for starch 
properties (Beta et al., 2001). Ragaee and Abdel-Aal (2006) 
tested whole sorghum fl ours and found higher paste stabilities 
than for barley (Hordeum vulgare L.), pearl millet [Pennisetum 
glaucum (L.) R. Br.], and rye (Secale cereal L.), indicating sor-
ghum grain’s high potential as an ingredient in food products 
that are exposed to high temperatures and mechanical stir-
ring. Most studies have used RVA to study sorghum-kernel 
properties and/or genetic diff erences (Beta and Corke, 2001), 
but none have studied the joint infl uence of the production 
environment and sorghum hybrid on starch properties. The 
objective of this research was to determine the eff ects of the 
environment and hybrid on RVA fl our properties of modern 
food-grade grain sorghum hybrids.
MATERIALS AND METHODS
Field experiments were conducted in 12 Nebraska environments, 
with each location-year combination being considered an environ-
ment (Table 1). The environments were selected to be representa-
tive of an array of environments typical of sorghum production 
in Nebraska. Experiments in eastern Nebraska were conducted at 
the University of Nebraska Agricultural Research and Develop-
ment Center near Mead, NE under furrow irrigation, dryland, 
and dryland-with-low-N environments in 2004 and 2005. Exper-
iments in central Nebraska were conducted under dryland and 
furrow-irrigated environments at the South Central Agricultural 
Laboratory, near Clay Center, NE and in a farmer’s dryland fi eld 
at Hebron, NE in 2004 and 2005. In 2005, a dryland location in 
west-central Nebraska was added near Orleans, NE.
All commercial food-grade sorghum hybrids available in 
2004 and adapted to Nebraska were included in the experi-
ment. Nine commercial food-grade hybrids and six commer-
cial non-food-grade hybrids with maturity range classifi cations 
similar to the food-grade hybrids were used as checks (Table 2). 
In addition, Macia, a white-grain, tan-plant sorghum variety 
from Africa was used as a high-grain-quality check (Dlamini 
et al., 2007).
The experiment was conducted as a randomized complete 
block experiment with three replications in each environment. 
Monthly average temperatures and precipitation totals for each 
environment and detailed fi eld experimentation procedures are 
presented in Griess et al. (2010). The environments and hybrids 
were considered fi xed eff ects in the model, while block eff ects 
within an environment were considered random. Preplanned 
single-degree-of-freedom contrasts based on the experimental 
design, some being orthogonal and others not, and LSDs (p = 
0.05) were used to separate the main-eff ect means for all parame-
ters measured, and Pearson correlation coeffi  cients were calculated 
to determine the relationship among yield, kernel mass, density 
parameters, protein and starch concentrations, and RVA param-
eters. The eff ects of environment-by-hybrid interactions were 
studied by partitioning sums of squares for food-grade and non-
food-grade hybrids and the hybrid maturity eff ects, which were 
tested by ANOVA, and then graphing on environmental means to 
assist with interpretation (Budak et al., 1995; Griess et al., 2010).
Pasting properties of fi nely ground sorghum fl our were deter-
mined using RVA (RVA-4, Newport Scientifi c, Warriewood, 
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(R ≈ 0.30–0.50) with all RVA parameters measured, except 
for peak viscosity (Table 4). The hardness parameters of bulk 
density, true density, and removal by tangential abrasive dehu-
lling device showed moderate correlations (R ≈ 0.30–0.50) 
for most RVA parameters, except for low correlations with 
peak viscosity and higher correlations with peak time (R ≈ 
0.60). Almeida-Dominguez et al. (1997) reported that grain 
density in maize was correlated with low peak viscosities and 
high peak temperatures and indicated that softer maize grain 
developed a greater viscosity more rapidly than denser maize 
Australia) as described by Walker et al. (1988). Whole-grain-fl our 
samples of 3.5 g were ground using a Perten Laboratory Mill 
3100 (Perten Instruments, Stockholm, Sweden) using a 1-mm 
screen. Samples were corrected to 140 g kg1 moisture concen-
tration and added to 25 mL water in an aluminum cup with a 
plastic paddle. Stirring at 500 rpm for 8 s by the RVA-4 ensured 
that fl our was thoroughly slurried with water at the beginning 
of the test. The constants for RVA were stirring speed, paddle 
type and clearance, sample volume, and heating-and-cooling 
profi le. The viscosity of the fl our paste was continuously mea-
sured throughout the test in centipoise (cP) units. Rapid-visco-
analysis pasting curves indicating the viscosity measurements 
were recorded by Thermocline version 2.2 software (Newport 
Scientifi c). The fi ve viscosities recorded for analysis of whole 
sorghum fl our were peak viscosity, the maximum viscosity of 
hot paste; holding viscosity, the minimum hot-paste viscosity at 
the bottom of the “trough”; breakdown viscosity (peak viscos-
ity − holding viscosity); fi nal viscosity, the viscosity at the end 
of the test; and setback viscosity (fi nal viscosity − holding vis-
cosity). Two other measurements recorded were peak time, the 
time when peak viscosity occurred, and pasting temperature, the 
temperature when viscosity fi rst increased by at least 25 cP over 
a 20-s period. Fifteen-gram samples were evaluated for protein 
(Padmore, 1990) and starch (Hall, 2001) concentrations by Ward 
Laboratory, Kearney, NE. Although the protein and starch con-
centrations were previously presented in Griess et al. (2010), they 
are presented again in this paper because of their importance in 
interpreting RVA results and for the readers’ convenience.
RESULTS AND DISCUSSION
Correlation Analysis
Correlation among RVA parameters were generally sig-
nifi cant, with peak viscosity being correlated with all other 
parameters (R = 0.42–0.84; Table 3). Grain yield and ker-
nel mass from Griess et al. (2010) had moderate correlations 
Table 1. Environment infl uence on sorghum protein and starch concentrations and starch viscosity properties (averaged over 
16 hybrids).
Viscosity
Environment Protein Starch Peak Trough Breakdown Final Setback Peak time
Pasting 
temperature
––––––––g kg1 –––––––– –––––––––––––––––––––––––– cP –––––––––––––––––––––––––– min °C
2004
Mead dryland low-N 98 640 1455 878 577 1360 2238 9.91 83.98
Clay Center dryland 112 690 1281 963 319 1804 2766 10.67 86.27
Hebron dryland 98 704 1888 1306 583 2080 3386 10.27 84.60
Mead irrigated 99 704 1574 1245 328 2023 3269 10.77 88.11
Clay Center irrigated 99 699 1785 1365 420 2462 3827 10.76 87.65
2005
Mead dryland low-N 77 714 1831 1248 583 2135 3383 10.37 83.32
Clay Center dryland 99 701 1449 1173 276 2514 3687 10.92 87.64
Mead dryland 109 701 1212 1163 249 2510 3673 10.93 87.21
Hebron dryland 101 695 1475 1230 244 2519 3749 11.09 88.17
Orleans dryland 125 688 1040 924 116 1597 2521 11.19 86.32
Mead irrigated 108 698 1419 1245 174 2003 3249 11.48 89.59
Clay Center irrigated 111 707 1394 1121 273 2407 3527 10.81 87.53
LSD (0.05) 6 5 142 84 76 227 184 0.17 1.02
Table 2. Characteristics of grain sorghum hybrids used in 
this study.
Hybrid Maturity class†
Food-grade
Sorghum Partners NK 8828 Late
Asgrow Eclipse Medium
Asgrow Orbit Medium
Kelly Green Seed KG6902 Late
Fontanelle W-1000 Medium
NC+ Hybrids 7W92 Medium
Sorghum Partners NK 1486 Medium
Dekalb 44-41 Medium
Mycogen 14665 Late
Food-grade check
Macia Medium
Non-food-grade (checks)
Dekalb 54-00 Late
Dekalb 42-20 Medium
Dekalb 53-11 Medium
NC+ Hybrids 6C69 Medium
Pioneer 84Y00 Late
Mycogen 3696 Medium
†Medium, <72 d to midbloom; late, >72 d to midbloom. Based on company clas-
sifi cation and fl owering in Mead irrigated environments.
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grain. In dense kernels a protein matrix surrounds the starch, 
so starch hydration is slow, and thus the fi nal and setback vis-
cosities are lower due to fewer starch molecules being released 
from granules compared with softer kernels. Protein concen-
tration was moderately correlated with most RVA parameters 
but had higher correlations with peak, breakdown, and trough 
viscosities and peak time. In contrast, starch concentration was 
not associated with pasting temperature, since pasting temper-
ature is related to the internal starch structure of starch granules 
instead of to the starch concentration (Narváez-González et 
al., 2007). Starch concentration had relatively high correlations 
with fi nal, trough, and setback viscosities, in contrast with 
the results of Barbosa Pinto et al. (2009). Beta et al. (2000) 
reported that peak viscosity for sorghum starch was positively 
correlated with breakdown and negatively correlated with set-
back viscosities, whereas setback viscosity was negatively cor-
related with peak viscosity and positively correlated with fi nal 
viscosity. In that study, the textural hardness of gels was posi-
tively correlated with fi nal and setback viscosity and negatively 
correlated with peak and breakdown viscosities.
Analysis of Variance
Mean squares in the ANOVA indicated that environment, 
hybrid, and environment-by-hybrid-interaction eff ects 
were signifi cant for all RVA parameters. However, the 
environment accounted for 71–85% of the total variation, 
the hybrid accounted for 11–23%, and the environment-
by-hybrid interaction for only 1–3% (Table 5). Rhymer 
et al. (2005) found similar results for RVA analysis of oat 
(Avena sativa L.) fl our. Therefore, this paper will focus on 
the main eff ects of the environment and hybrid.
Environment
Protein concentrations were greater in more stressful pro-
duction environments (i.e., low N and limited water), 
while starch concentrations were higher in less-stressful 
production environments (i.e., adequate N, irrigated) 
(Tables 1 and 6), results that were consistent with the 
expected inverse relationships between protein concen-
tration and starch (Barbosa Pinto et al., 2009).
Identifying environments producing grain with con-
sistent cooking and pasting properties would require food 
processors to make only minor adjustments to maximize 
the quality of the fi nal product (Tester and Karkalas, 
2001). All viscosity parameters and pasting temperatures 
of grain had a wide range across environments, whereas 
the variation in peak time was less (Table 1). The peak 
and breakdown viscosities were greater for grain produced 
in 2004 than in 2005, while all other RVA parameters 
were greater for grain produced in 2005 (Table 6). The 
2005 growing season had higher temperatures and poten-
tial evaporations than 2004 and low rainfall during the 
month of August, and produced denser grain (Griess et 
al., 2010), and starch concentrations were lower. The peak 
and trough viscosities, the pasting temperature, and the 
starch concentration of grain were greater under irrigated 
Table 3. Pearson correlations and probability levels between starch-viscosity properties for grain sorghum.
Viscosity
Property Peak Trough Breakdown Final Setback Peak time
Trough1 0.81**
Breakdown 0.84** 0.37**
Final viscosity 0.58** 0.81** 0.17**
Setback 0.42** 0.64** 0.07 0.97**
Peak time 0.51** 0.03 0.78** 0.09* 0.12**
Pasting temperature 0.51** 0.05 0.74** 0.10* 0.15** 0.71**
*Signifi cant at P ≤ 0.05 level of probability.
**Signifi cant at P ≤ 0.01 level of probability.
Table 4. Pearson correlations and probability levels for yield, kernel mass, hardness, starch, and protein concentrations with 
starch-viscosity properties for grain sorghum.
Viscosity
Property Peak Trough Breakdown Final Setback Peak time
Pasting 
temperature
Grain yield† 0.05 0.44** –0.31** 0.52** 0.50** 0.46** 0.40**
Kernel mass –0.01 0.34** –0.33** 0.45** 0.44** 0.46** 0.24**
Bulk density –0.08 0.33** –0.42** 0.49** 0.50** 0.57** 0.35**
True density –0.10* 0.32** –0.45** 0.47** 0.48** 0.61** 0.37**
Removal by tangential abrasive dehulling device 0.15** –0.27** 0.48** –0.41** –0.42** –0.61** –0.39
Protein –0.69** –0.50 –0.63** –0.37** –0.28** 0.50** 0.44**
Starch 0.38** 0.55** 0.10* 0.59** 0.54** 0.15** –0.02
*Signifi cant at P ≤ 0.05 level of probability.
**Signifi cant at P ≤ 0.01 level of probability.
†Grain yield, kernel mass, bulk density, true density, and removal by tangential abrasive dehulling device were previously reported in Griess et al., 2010.
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than under dryland water regimes, consistent with the 
results of Taylor et al. (1997).
The Orleans (2005) environment, the most water-stressful 
environment, produced grain with high protein and low starch 
concentrations, the lowest peak, trough, breakdown, fi nal, and 
setback viscosities, and relatively high peak time and interme-
diate pasting temperature (Tables 1 and 6; Fig. 1D); it also 
produced the densest grain (Griess et al., 2010). These results 
indicated that starch granules in the fl our from this environ-
ment hydrated more slowly (due to the thick protein matrix 
surrounding the starch granules) and took longer to gelatinize, 
that the fl our slurry was less stable during shear-force thinning, 
and that the aligned starch molecules did not reassociate well 
with each other. Grain produced in this environment would 
therefore be well suited for food products made by dry milling 
(Johnson, 2005) and alkaline cooking (Almeida-Dominguez 
et al., 1997; Johnson et al., 2010).
In contrast, the Hebron dryland 2004, Clay Center irri-
gated 2004, and Mead dryland low-N 2005 environments 
produced grain with the highest peak, trough, breakdown, 
and fi nal viscosities and high setback viscosities (Table 1; Fig. 
1B). These environments produced grain with low protein 
concentrations. In addition, grain from the Mead dryland 
low-N 2005 environment had high starch concentrations. 
Pasting temperatures were low for grain produced in Hebron 
dryland 2004 and Mead dryland low-N 2005 environments, 
and the Clay Center irrigated 2004 environment had the low-
est breakdown viscosity. The Hebron dryland environment 
produced soft kernels (Griess et al., 2010), and the Mead dry-
land low-N 2005 environment produced grain with low pro-
tein and high starch concentrations. These results suggest that 
these three environments produced grain useful for processed 
and canned products (Beta et al., 2000), porridge (Taylor et 
al., 1997), ethanol (Wu et al., 2007; Zhao et al., 2008), and/or 
consumable alcohol (Agu and Palmer, 1998; Agu et al., 2006).
The Clay Center irrigated 2005 environment pro-
duced the highest grain yield (Griess et al., 2010), grain with 
low protein and intermediate starch concentrations, and 
Table 5. Degrees of freedom and mean squares for environment and hybrid effects on sorghum protein and starch concentra-
tions and starch-viscosity properties.
Viscosity
Source df Starch Protein Peak Trough Breakdown Final Setback
Peak 
time
Pasting 
temperature
Environment 11 14,324** 6312** 2752730** 1084390** 1189668** 11552074** 6725708** 8.1024** 163.388**
Error A 24 297 325 113416 39512 32562 290572 190288 0.1648 5.897
Hybrid 15 1751** 899** 714940** 145804** 298381** 2217094** 1402936** 1.1964** 52.262**
Environment  by hybrid 165 203** 67** 116791** 30578** 44715** 245220** 140269** 0.0882** 5.687**
Food-grade vs. non-
food-grade
11 140 67* 76791* 19052 28316 252889** 179941** 0.0860 5.5044*
Medium vs. late 
maturity
11 122 72* 5285 10449 28528* 61406 45102 0.0917 6.7626*
Residual 353–358† 121 37 26814 10374 8880 56442 27100 0.0399 2.169
*Signifi cant at P ≤ 0.05 level of probability.
**Signifi cant at P ≤ 0.01 level of probability.
†Residual df varied due to limited grain mass from some plots making it impossible to conduct all quality tests. These were treated as missing plots.
Table 6. Environment contrast comparisons for protein and starch concentrations and  starch-viscosity properties of sorghum grain.
Viscosity
Contrast comparisons Protein Starch Peak Trough Breakdown Final Setback Peak time
Pasting 
temperature
–––––g kg1 ––––– ––––––––––––––––––––––––––––cP –––––––––––––––––––––––––––– min °C
2004 103 689 1597 1151 445 3097 1946 10.48 86.12
2005 99 703 1514 1203 310 3519 2316 10.93 87.25
P-value NS  <0.01 0.01 0.01  <0.01  <0.01  <0.01  <0.01  <0.01
Irrigated 106 701 1533 1191 289 3534 2242 10.83 88.26
Dryland 107 697 1435 1180 281 3375 2291 11.02 87.04
P-value NS 0.05  <0.01  <0.01 NS NS 0.02  <0.01  <0.01
Mead 105 701 1468 1218 250 3397 2179 11.06 88.30
Clay Center 103 703 1542 1219 323 3680 2461 10.83 87.61
P-value NS NS  <0.01 NS  >0.01  <0.01  <0.01  <0.01  <0.01
Dryland Clay Center 106 695 1365 1068 369 3227 2159 10.80 86.96
Hebron 99 699 1682 1268 413 3568 2300 10.78 86.39
P-value 0.02 NS  <0.01  <0.01  <0.01 0.03  <0.01 NS NS
2005 Orleans 125 688 1040 924 116 2521 1597 11.19 86.32
Other locations 103 699 1445 1189 257 3703 2514 10.97 87.67
P-value  <0.01  <0.01  <0.01  <0.01  <0.01  <0.01  <0.01  <0.01  <0.01
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intermediate values for all RVA parameters measured (Tables 
1 and 6; Fig. 1C). Irrigated environments in both years, and 
several dryland environments in the higher rainfall 2005 
growing season, also produced grain with intermediate RVA 
values. Irrigated environments and dryland environments in 
2005 produced grain with high pasting temperatures.
The Mead dryland low-N environments had a combi-
nation of water and N stress, with the N stress being much 
more severe in 2004 than in 2005. In both years the Mead 
dryland low-N environments produced grain that had the 
highest breakdown viscosities, whereas in 2004 this envi-
ronment also produced the lowest trough, fi nal, and setback 
viscosities, low peak time and pasting temperature (Table 
1; Fig. 1B), and the softest grain (Griess et al., 2010). Grain 
produced in the Mead dryland low-N 2004 environment 
was of very poor quality for all common end uses.
Hybrid Main Effects
Protein concentrations of food-grade and non-food-grade 
hybrids were similar, whereas the food-grade variety, 
Macia, had higher protein concentration than the food-
grade hybrids (Tables 7 and 8). Medium-maturity hybrids 
had slightly higher protein concentrations than late-matu-
rity hybrids, which was partially associated with 0.4 Mg 
ha−1 lower grain yields (Griess et al., 2010). Duvick (2005) 
also reported a similar relationship between grain yield and 
protein concentration. Starch concentrations were slightly 
greater in the grain of food-grade hybrids, while the matu-
rity classifi cation had little eff ect (Table 8). Although the 
average was similar, food-grade hybrids had a wider range 
of protein and starch concentrations than among non-food-
grade hybrids (Table 7), thus high protein or starch con-
centrations could be achieved by selecting the best hybrids. 
In most cases, an inverse relationship between protein and 
starch concentrations appeared to be present, as expected 
(Barbosa Pinto et al., 2009). Food-grade hybrids with high 
amounts of starch and low amounts of protein that could 
be converted to fermentable sugars would be desirable to 
brewers (Agu and Palmer, 1998).
The range of hybrid diff erences for RVA viscosities (Table 
7) was less than the range of environment diff erences (Table 1). 
On average, food-grade hybrids had higher peak and break-
down viscosities (Table 8), and the food-grade check variety 
Macia, which produced dense kernels across environments 
(Griess et al., 2010), had lower values for all RVA viscosities 
(Tables 7 and 8; Fig. 2A). Maturity classifi cation had little to no 
infl uence on starch viscosity parameters (Table 8).
The results of RVA analysis allowed food-grade sor-
ghums to be clustered into three groups. The viscosities 
for Macia, Asgrow Orbit, and Sorghum Partners NK1486 
were similar (Table 7; Fig. 2B). They had low peak, 
trough, breakdown, and fi nal viscosities with high peak 
Figure 1. Rapid-visco-analysis profi les for Macia in contrasting environments based on grain yield, kernel density, and starch concentration.
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time and pasting temperatures. These results indicate that 
the starch granules in the fl our hydrated more slowly and 
took longer to gelatinize, that the fl our slurry was less sta-
ble when exposed to shear, and that aligned starch mole-
cules did not reassociate well with each other. Grain from 
these hybrids would likely be well suited for food products 
made by dry milling ( Johnson, 2005) or alkaline cooking 
(Almeida-Dominguez et al., 1997; Johnson et al., 2010).
Food-grade hybrids with high peak, trough, break-
down, and fi nal viscosities and low peak time and pasting 
temperature were NC+ Hybrids 7W92, Kelly Green Seed 
KG6902, Asgrow Eclipse, and Fontanelle W-1000 (Table 
7; Fig. 2C). Flour from grain produced by these hybrids 
hydrated quickly to produce high peak viscosities and dis-
persed starch molecules during shear thinning, which then 
became highly aligned and could therefore result in gels 
that had increased stability, as indicated by high fi nal and 
setback viscosities. Grain from these hybrids was soft (Griess 
et al., 2010) and had lower protein and higher starch con-
centrations (Table 1), suggesting that these hybrids would 
Table 7. Infl uence of hybrid on protein and starch concentrations and starch-viscosity properties of grain sorghum (averaged 
over 12 environments).
Viscosity
Hybrid Protein Starch Peak Trough Breakdown Final Setback
Peak 
time
Pasting 
temperature
Food-grade ––––––g kg1 –––––– –––––––––––––––––––––––– cP –––––––––––––––––––––––– min °C
Sorghum Partners NK 8828 107 685 1485 1055 431 2511 1556 10.58 85.78
Asgrow Eclipse 100 703 1651 1237 414 3612 2375 10.74 86.76
Asgrow Orbit 111 690 1324 1041 284 3168 2127 10.81 88.23
Kelly Green Seed KG6902 97 705 1678 1234 444 3497 2262 10.58 85.36
Fontanelle W-1000 95 707 1651 1210 441 3475 2265 10.57 84.56
NC+ Hybrids 7W92 97 703 1682 1224 458 3441 2217 10.51 85.17
Sorghum Partners NK 1486 112 684 1326 1094 232 3158 2064 10.98 88.40
Dekalb 44-41 104 696 1587 1211 377 3453 2242 10.71 87.09
Mycogen 14665 97 701 1354 1102 252 3167 2065 10.94 87.39
Mean 1526 1156 370 3286 2130 10.72 86.53
Food-grade check (Macia) 107 685 1241 1083 158 2892 1809 11.11 87.58
Non-food-grade  (checks)
Dekalb 54-00 105 694 1445 1159 285 3233 2073 10.93 86.94
Dekalb 42-20 103 695 1447 1145 302 3415 2270 10.91 87.81
Dekalb 53-11 104 699 1583 1205 378 3353 2148 10.67 85.60
NC+ Hybrids 6C69 105 696 1417 1153 264 3273 2120 11.00 88.29
Pioneer 84Y00 101 693 1520 1172 348 3368 2195 10.64 85.84
Mycogen 3696 101 692 1629 1204 425 3422 2218 10.68 86.75
Mean 1507 1173 334 3344 2171 10.81 86.87
LSD (0.05) 3 5 76 47 44 110 76 0.09 0.68
Table 8. Hybrid contrast comparisons for protein and starch concentrations and starch-viscosity properties of sorghum.
Viscosity
Contrast comparisons Protein Starch Peak Trough Breakdown Final Setback Peak time
Pasting 
temperature
––––––g kg1 –––––– –––––––––––––––––––––––––cP ––––––––––––––––––––––––– min °C
Food-grade hybrids 102 697 1526 1156 370 3286 2130 10.72 86.53
Check hybrids 103 695 1507 1173 334 3344 2171 10.81 86.87
P-value NS  <0.01 NS NS  <0.01 0.02 0.03  <0.01 0.01
Food-grade hybrids 102 697 1526 1156 370 3286 2130 10.72 86.53
Food-grade check (Macia) 107 685 1241 1083 158 2892 1809 11.11 87.58
P-value  <0.01  <0.01  <0.01  <0.01  <0.01  <0.01  <0.01  <0.01  <0.01
Medium 103 697 1530 1172 332 3377 2205 10.76 86.86
Late maturity 101 696 1496 1144 352 3175 2030 10.73 86.26
P-value  <0.01 NS 0.04  <0.01 NS  <0.01  <0.01 NS  <0.01
Medium, food-grade hybrids 103 697 1537 1169 368 3384 2215 10.72 86.70
Late –maturity, food-grade hybrid 100 697 1506 1130 375 3091 1961 10.70 86.17
P-value  <0.01 NS NS  <0.01 NS  <0.01  <0.01 NS  <0.01
Medium, non-food-grade hybrids 103 696 1519 1177 342 3365 2119 10.82 87.09
Late, non-good-grade hybrids 103 694 1482 1166 317 3300 2134 10.79 86.39
P-value NS 0.05 NS NS NS  <0.01  <0.01 NS  <0.01
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be useful in canned-food (Beta et al., 2000), porridge (Tay-
lor et al., 1997), ethanol (Wu et al., 2007; Zhao et al., 2008), 
and consumable-alcohol production (Agu and Palmer, 
1998; Agu et al., 2006). The viscosities for other food-grade 
and non-food-grade hybrids were intermediate.
Environment-by-Hybrid Interaction
The eff ect of the environment-by-hybrid interaction com-
posed 3% or less of the total variation for all RVA parame-
ters measured (Table 5). Partitioning of the interaction eff ect 
indicated that hybrid maturity had little eff ect, whereas minor 
diff erences were present between food-grade and non-food-
grade hybrids for peak, fi nal, and setback viscosities and 
pasting temperature. These viscosities and pasting temperature 
increased as the environment means increased, with slopes 
close to 1 (ranging from 0.98 to 1.08; Fig. 3), in contrast to food 
processors’ preference for stable grain quality (i.e., slopes < 1), 
which give similar starch viscosity response during processing. 
The peak viscosity was greater for food-grade hybrids when 
environmental means were low but was greater for non-food-
grade hybrids when environmental means were high (Fig. 
3A). The fi nal and setback viscosities and pasting temperature 
were always higher for non-food grade hybrids than for food 
grade hybrids, and the diff erence was small and nearly constant 
across the environmental means (Fig. 3B, 3C, and 3D).
CONCLUSION
The environment in which sorghum is produced clearly 
has a greater infl uence on RVA starch-viscosity properties 
of sorghum grain than does hybrid selection or hybrid–
by-environment interactions. Unfortunately, these results 
suggest that it is diffi  cult to predict the eff ect that envi-
ronment will have on resulting starch viscosity properties 
since similar environments (as defi ned by location, water 
availability, and N stress) resulted in variable sorghum 
RVA starch properties. Additional information on the 
eff ect of environment on resulting sorghum-starch prop-
erties will be needed to build reliable predictive models.
Although of secondary importance in terms of total 
variation in sorghum-starch RVA properties, the choice 
of hybrid predictably and signifi cantly contributes to 
sorghum-starch viscosity properties. RVA analysis clearly 
indicated that grain and glume color (the de facto defi ni-
tive parameters of food-grade sorghum) are not the only 
important properties defi ning grain quality in food-grade 
sorghum. Food-grade sorghum hybrids were grouped 
based on viscosity properties into those best suited for 
dry-mill and alkaline-cooked products (Asgrow Orbit, 
Sorghum Partners NK1486) and those best suited for por-
ridge, consumable alcohol and ethanol production (Kelly 
Green KG6902, NC+ Hybrids 7W92, Asgrow Eclipse 
and Fontanelle W-1000). There results were consistent 
with those previously reported for grain density, and pro-
tein and starch concentrations (Griess et al., 2010).
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